Small non-coding RNAs, such as microRNAs (miRNAs), are involved in diverse processes, including organ development and tissue differentiation. Exosomes are small membrane vesicles (30-100 nm in diameter) produced by numerous cells. Recently, exosomes have been shown to contain miRNAs. However, the small RNAs contained in exosomes are not fully characterized. In a previous study, we found at least two types of salivary exosome that are different in size and have different proteomes. Studies of salivary exosomal small RNAs are limited to miRNAs. In this study, we examined small RNA transcriptomes using next generation sequencing technology to elucidate a full transcriptome set of small RNAs expressed in the two types of salivary exosomes and in whole saliva (WS). Many types of small RNA, such as miRNA, piwi-interacting RNA (piRNA), small nucleolar RNA (snoRNA) and other small RNAs are contained in salivary exosomes and WS. Among these small RNAs we identified novel miRNA candidates.
Human whole saliva (WS) contributes to maintaining oral cavity integrity through its lubricating, antibacterial, antiviral and buffering actions, and facilitates chewing and swallowing food. It contains a wide range of molecules, including proteins, peptides, DNAs, RNAs, hormones and metabolites and can be collected simply, cheaply and non-invasively. Recent characterizations of the salivary proteome and transcriptome have highlighted the diagnostic potential of saliva. 1, 2) Saliva contains clinically discriminatory protein and RNA biomarkers of oral cancer, 3) Shögren syndrome, 4) and sleep deprivation. 5) Exosomes are small (30-100 nm) membrane vesicles of endocytic origin that are released into the extracellular environment on fusion of multivesicular bodies with the plasma membrane. [6] [7] [8] Exosomes are released from many different cell types, such as reticulocytes, 9) cytotoxic T lymphocytes, 10) B lymphocytes, 11) dendritic cells, 12) and neoplastic intestinal epithelial cells, 13) and are also present in some physiological fluids, such as plasma, breast milk, bronchoalveolar lavage, 14) urine 15) and saliva. 16) In our previous study, we isolated two types of exosomes (exosome I and exosome II) according to size from human WS and performed proteomic analysis of them. 17) While the biological functions of exosomes are still unclear, they can mediate expulsion of obsolete membrane constituents, communication between cells, facilitate processes such as antigen presentation and in trans signaling to neighboring cells. Exosomes contain various proteins, depending on the cellular origin, that may be necessary for the function of the exosome. Recent work has shown that exosomes also contain mRNA and microRNA (miRNA), which can be transferred to another cell, and be functional in that new environment. 18) miRNAs are regulatory non-coding RNA molecules that have received extraordinary attention due to their roles in the regulation of mRNA metabolism, at both the transcriptional and the post-transcriptional level. 19, 20) miRNAs are derived from hairpin containing pre-miRNAs after endoribonuclease processing by Drosha (also known as Rnasen) and Dicer enzymes. 21) miRNAs are thought to regulate gene expression by either repressing or blocking translation by base-paring with the target mRNA, usually in the 3′-untranslated region, 22) although translational activation has also been reported. 23) In addition to miRNA, there are many other types of noncoding RNA, including ribosomal RNAs (rRNAs), transfer RNAs (tRNAs), piwi-interacting RNAs (piRNAs), small nuclear RNAs (snRNAs), small nucleolar RNAs (snoRNAs), polyadenylated noncoding RNAs, and RNA species yet to be identified. There are some reports that have used microarrays and/or quantitative polymerase chain reaction (PCR) to investigate the miRNA transcriptome of saliva. [24] [25] [26] [27] As probes in these methodologies are designed on the basis of gene annotation, these analyses were limited to known miRNAs, and little information was gained regarding other small RNAs or novel RNAs.
Recent advances in next generation sequencing (NGS) technologies allow us to generate exhaustive analyses of RNA transcriptomes. As NGS allows total RNA to be assayed, insights are not limited to annotated transcripts or even protein coding genes.
In this study, we performed exhaustive analysis of the small RNA transcriptomes of exosome I, exosome II and WS by NGS.
MATERIAlS AND METHODS

Isolation of Total RNA from Human Whole Saliva
Human WS was collected from a single healthy female volunteer (38 years old) from our laboratory with informed consent. Total RNA was isolated from 1 ml of WS using the RNeasy Protect Saliva Mini Kit (Qiagen, Valencia, CA, U.S.A.), according to the manufacturer's instructions. Extracted RNA was concentrated by ethanol precipitation. RNA was resuspended in RNase-free water. The quantity and quality of total RNA was assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, U.S.A.).
Salivary Exosome Isolation and RNA Isolation Exosomes were purified from WS as previously described. 16) Briefly, 30 mL of WS was added to an equal volume of Trisbuffered saline (20 mm Tris-HCl, pH 7.4 and 150 mm NaCl). The sample was then centrifuged and then filtered to eliminate bacteria and food debris and the filtrate was concentrated using an Amicon Ultra-15 centrifugal filter device with a 100 kDa exclusion (Millipore Corporation, MA, U.S.A.). The concentrated filtrate was subjected to gel-filtration on a Sephacryl S-500 column (GE Healthcare, Buckinghamshire, U.K.) equilibrated with Tris-buffered saline. Void fractions (exosome I) and the following fractions displaying dipeptidyl peptidase IV activity (exosome II) were collected, and concentrated using Amicon Ultra-4 filters with a 100 kDa exclusion. a) The average mappings/RNA for piRNA is lower than 1 because most reads map to multiple locations of the piRNA in the genome. Sequences were clustered based on overlapping mapping coordinates and intersection with known miRNAs, snoRNAs, piRNA clusters and repeats. scRNA, small cytoplasmic RNA; snRNA, small nuclear RNA; srpRNA, signal recognition particle RNA; SINE, short interspersed repetitive elements; lINE, long interspersed repetitive elements. Purification was performed seven times from independently collected WS samples. Purified exosome samples were pooled and used for RNA isolation. Total RNA was isolated using the RNeasy Protect Saliva Mini Kit (Qiagen), according to the manufacturer's instructions. Extracted RNA was concentrated and the quantity and quality of total RNA was assessed using an Agilent 2100 Bioanalyzer. Small RNA Library Construction and Sequencing Isolated RNA from exosome I and exosome II was amplified using the SenseAMP Plus low Molecular Weight RNA Amplification Kit (Genisphere, Hatfield, PA, U.S.A.) according to the protocol from the manufacturer. Two nanograms of total RNA from WS, exosome I or exosome II was used for amplification. The amplification method was as follows: Poly(A) tails were generated on all RNA molecules. RNA was primed using an Oligo(dT) and/or random primer to produce singlestranded cDNA. First strand cDNA was purified, then tailed with dTTP using terminal deoxynucleotidyl transferase. The T7 template Oligo was annealed to the 3′ end of the cDNA.
Klenow enzyme filled in the 3′end of first strand cDNA to produce a double stranded T7 promoter. Then, in vitro transcription was performed and sense RNA copies of the original RNA molecules were generated. Total RNA (0.4-1.5 µg) was size fractionated on 15% tris-borate-ethylenediaminetetraacetic acid (EDTA) (TBE) urea polyacrylamide gels and the small RNA fraction in the range 18-200 nucleotides was extracted. 5′ and 3′ RNA adapters were ligated to the gel-extracted small RNA fraction, and cDNA was generated according to the manufacturer (Illumina, San Diego, CA, U.S.A.). The resulting cDNA was amplified and sequenced using the Illumina Genome Analyzer IIx by Hokkaido System Sciences Co., ltd. (Sapporo, Hokkaido, Japan).
Small RNA Genome Mapping Small RNA genome mapping was performed using Seqmap. 28) Reads were mapped onto the Human Genome, Mar 2006 (hg18) (http://hgdownload.cse.ucsc.edu/goldenPath/hg18/chromosomes/) with a 2 nucleotide mis-match condition. Read mappings were clustered based on overlapping mapping coordinates and intersected 
gz).
Novel miRNA Prediction The secondary structures of read clusters not intersecting with known RNAs were investigated to predict novel miRNA candidates. RNA secondary structure prediction was performed using the mfold program version 3.1 (http://mfold.rna.albany.edu). This program is designed to determine the optimal and suboptimal secondary structures of RNA and to count free energy contributions for various secondary structure motifs. The process was as follows: (1) Reads below 18 nucleotides were excluded. (2) Each read was mapped against the human genome sequence with a perfect match condition. Reads mapped over 20 different sites or to regions known as mRNA, tRNA, rRNA, miRNA, piRNA, snoRNA or simple repeats were excluded. Reads that overlapped one another were combined and clustering was done as one region. (3) To each read, up and downstream 75 nucleotide sequences from the human genome sequence were added. (4) Secondary structure prediction of each sequence was performed. Read sequences that did not fulfill the following criteria were excluded; (a) had a stem-loop structure, (b) had a >16 nucleotide complementary site in the stem region, (c) loop region was under 20 nucleotides long and (d) did not have a bulge with >5 consecutive non-complementary nucleotides in the stem region. No more than 6 mismatches between the sequence and its complementary sequence on the other arm were allowed. The region of each read in the sequence was investigated. We considered candidates for novel miRNAs that met the following criteria, (i) the read was included in the stem region, (ii) read count was over two and (iii) the distance between the read and nearest known miRNAs was over 20 bases. Figure 1 shows Bioanalyzer profiles of total RNA isolated from exosome I, exosome II, and WS. The RNAs were heterogeneous in size and contained no or little ribosomal RNA (18s-or 28s-rRNA). The total RNA concentrations of exosome I, exosome II and WS were 0.21, 0.10 and 4.2 ng/ml of saliva, respectively. The RNAs sized between 18 and 200 nucleotides were used to construct small RNA cDNA libraries.
RESUlTS
Assessment of Salivary Exosomal RNA and Whole Saliva RNA
Sequencing and Annotation of Small RNAs from Salivaly Exosomes and Whole Saliva Each cDNA library was sequenced on an Illumina Genome Analyzer generating a total of 687220, 2034886 and 5066405 sequence reads from exosome I, exosome II and WS, respectively. Sequences were mapped based on their overlaps with publicly available genome annotations, including those of miRNAs, rRNAs, tRNAs and other small RNAs. Read mappings were clustered based on overlapping mapping coordinates and intersected with known miRNAs, snoRNAs and piRNA clusters (Table  1) . 173, 212 and 280 known miRNA sequences, out of 1527 known miRNAs in miRBase, were identified in the exosome I, exosome II and WS transcriptomes, respectively. In addition to miRNAs, we detected diverse types of small RNAs by NGS. piRNAs and snoRNAs are identified by mapping the reads to each database. 418101, 32645 and 1210, out of 756210 known piRNA sequences, and 31, 69 and 71, out of 402 known snoRNAs sequences, were found in exosome I, exosome II, and WS transcriptomes, respectively. Among the reads that were mapped to the genome, 33%, 51% and 58% of exosome I, exosome II and WS reads, respectively, mapped to miRNAs (Table 2 ). In addition, reads defined as 'Repeats' included long terminal repeats (lTRs), short interspersed nuclear elements (SINEs) and long interspersed nuclear elements (lINEs) and were detected in the two types of exosomes and WS. Table 3 summarizes the genomic context of sequences mapped to known miRNAs. About 50% of miRNAs from salivary exosomes and WS were derived from intronic regions, 40% were derived from intergenic regions and 10% were derived from exonic regions. A total of 143 miRNAs were expressed by both salivary exosomes and WS ( Fig. 2A) . miRNAs detected in exosome I were highly similar to those of exosome II, and 147 miRNAs were commonly detected between exosome I and exosome II. Exosome I contained 129 piRNAs while WS contained only 90 (Fig. 2B) . On the other hand, the number of snoRNAs in exosome I was less than 50% of the number in exosome II and WS (Fig. 2C) . Totals of 66 miRNAs, 28 piRNAs and 28 sno RNAs were detected only in WS (Figs. 2A-C) .
Characteristics and Chromosomal Location of the Different Classes of Small RNAs The 40 most highly expressed miRNAs of exosome I, exosome II and WS are shown in Table 4 . In the miRNA population, hsa-mir 378a was the most abundant sequence among the two types of exosomes and WS, followed by hsa-mir-143. miRNA expression, as determined by the total number of reads mapped per chromosome, originated mostly from chromosome 5, followed by chromosome 17 (Fig. 3A) . The greatest number of known miRNA genes expressed in exosome I, exosome II and WS per chromosome mapped to chromosome 19 (Fig. 3B) .
The 10 most highly expressed piRNAs and snoRNAs of exosome I, exosome II and WS are shown in Tables 5 and 6 , respectively. piR-39980 was the most abundantly expressed piRNA in exosome I and exosome II, while piR-61648 was the most abundantly expressed in WS. It is interesting to note that the number of piRNA reads of exosome I was extremely high compared to the other two samples. U78 was the most abundant snoRNA in exosome I, exosome II and WS.
Known piRNA and snoRNA genes were most abundantly expressed from chromosome 1. In terms of piRNAs in exosome I, exosome II and WS, the number of reads and number of genes mapped most genes to chromosome 1 (data not shown). Most numbers of reads of snoRNAs derived from two types of exosomes and WS mapped to chromosome 1. In contrast, the greatest number of snoRNA genes expressed in exosome I, exosome II and WS were located on chromosome 11, chromosome 15, chromosome 1, respectively (data not shown).
Candidate Novel miRNAs Read clusters not intersecting with known RNA species but being consistent with the requirements as described in Materials and Methods, were further considered as putative novel miRNAs. We identified a total of 81novel miRNA candidates. Exosome I, exosome II and WS contained 13, 34 and 44 novel miRNA candidates, respectively. The 10 most highly expressed novel miRNAs are listed in Table 7 .
DISCUSSION
Exosomes contain not only proteins but also RNAs, such as mRNA and miRNA. Reports on small RNAs in exosomes have been limited to miRNA. In this study, we performed NGS of small RNAs in salivary exosomes and WS. To the best of our knowledge, this is the first report of exosomal small RNA transcriptome analysis by NGS. We defined the expression of known and novel miRNAs in exosome I, exosome II and WS. In addition, we identified piRNAs, snoRNAs, and other small RNAs in exosomes I and II and WS. These results indicate that exosome I, exosome II and WS express a large repertoire of small RNAs. The proportion of reads mapping to small RNAs are different between exosome I and exosome II. This is consistent with the results of our previous study, which revealed that the morphology and protein components of exosome I were somewhat different from those of exosome II. 17) These observations may suggest that exosome I and exosome II are derived from different salivary glands or cell types, but this possibility requires further study.
Many studies have reported that extracellular RNAs are entrapped in exosomes and are therefore protected from RNases in body fluid. 18, 24, 29) Recently, Turchinovich et al. showed that most miRNAs in the extracellular environment are associated with Ago2 proteins, not with exosomes. 30) This may explain why the RNA concentration of WS was higher than those of salivary exosomes. In fact, several miRNAs, piRNAs and snoRNAs were detected only in WS, suggesting that some small RNAs are not associated with exosomes. Our previous study 17) revealed that exosomes I and II contain GW182 protein, a component of the RNA-induced silencing complex (RISC). It is reported that RISC proteins bind to and stabilize miRNA. 30) Although it is unclear whether other components of RISC are present in the salivary exosomes, RISC proteins, including GW182, might contribute to the stability of miRNA in the exosome. Further study will be necessary to clarify the integrated state of miRNA in salivary exosomes and WS.
hsa-mir-378, hsa-mir-143, the hsa-let-7 family and hsamir-21 were abundant in exosome I, exosome II and WS. hsamir-378 promotes cell survival, tumor growth, and angiogenesis. 31) hsa-mir-378 is detected in exosomes from dendritic cells and T cells. 32) hsa-mir-143 functions as a tumor suppressor, 33) as do hsa-let-7 family miRNAs. 34) hsa-let-7c was detected in exosomes from dendritic cells, 32) serum 35) and stomach cancer cells. 36) hsa-miR-21 is over-expressed in most human cancers. 37) Michael et al. analyzed exosomal miRNAs from parotid gland, submandibular gland and WS by quantitative PCR and a microarray method. 24) Parotid gland exosomes contained 26 miRNAs, of which six (let-7b, let-7c, hsa-mir-17, mir-27b, mir-150 and mir-379) were also detected in both exosome I and exosome II. Park et al. found 13 miRNAs in the WS of healthy volunteers, all of which were found in our study. 38) We also identified a significant expression of piRNAs and snoRNAs. piRNAs are 24-to 30-nucleotide RNA molecules and constitute the largest class of small RNA molecules. 39, 40) piRNAs were initially discovered in mammalian testes and associate with PIWI proteins. Both PIWI proteins and piRNAs had been widely regarded as germ line-specific molecules where they are implicated in silencing transposable elements in animal germ cells. Recently, piRNAs have also been reported in somatic cells. 41, 42) It is interesting that salivary exosomes contain abundant piRNAs together with transposable elements, such as lTRs, SINEs and lINEs. snoRNAs are short, non-coding RNAs that accumulate in the nucleolus. snoRNAs are principally involved in post-transcriptional modification of ubiquitously expressed rRNAs and snRNAs. 43) Although snoRNAs are found predominantly in the nucleolus, U3 snoRNA complex-associated proteins shuttle between the nucleus and the cytoplasm. 44) However, the functional significance of piRNAs and snoRNAs in exosomes remains to be elucidated.
Exosomes are considered to represent a novel mechanism of intercellular communication. 45) Exosomes interact with other cells and transfer protein and RNA into cells and transferred mRNA is expressed in the target cells. 18) In contrast, the situation is more complicated for miRNAs because one miRNA suppresses several mRNAs. It has, therefore, been unclear whether transferred miRNA is functional. However, recently Montecalvo et al. showed exosome-shuttle miRNAs repress target mRNAs of acceptor dendritic cells. 46) Saliva plays an important role in maintaining integrity of the oral cavity but the significance of small RNAs in salivary exosomes and WS is unclear. Salivary proteins include immunoglobulin A and proline-rich proteins 47) and salivary RNAs are also expected to modulate oral cavity defence. 48) Further studies will be needed to define the function of small RNAs in salivary exosomes. Our transcriptome analysis by NGS provides a list of candidate small RNAs for future functional and biomarker research. 
